This paper introduces a catalog of gravitational waveforms from the bank of simulations by the numerical relativity effort at Georgia Tech. Currently, the catalog consists of 452 distinct waveforms from more than 600 binary black hole simulations: 128 of the waveforms are from binaries with black hole spins aligned with the orbital angular momentum, and 324 are from precessing binary black hole systems. The waveforms from binaries with non-spinning black holes have mass-ratios q = m1/m2 ≤ 15, and those with precessing, spinning black holes have q ≤ 8. The waveforms expand a moderate number of orbits in the late inspiral, the burst during coalescence, and the ring-down of the final black hole. Examples of waveforms in the catalog matched against the widely used approximate models are presented. In addition, predictions of the mass and spin of the final black hole by phenomenological fits are tested against the results from the simulation bank. The role of the catalog in interpreting the GW150914 event and future massive binary black-hole search in LIGO is discussed. The Georgia Tech catalog is publicly available at einstein.gatech.edu/catalog.
I. INTRODUCTION
Gravitational wave astronomy is finally here with the detection of transient GW150914 [1] . The detection was both a triumph and a surprise: a triumph because the Laser Interferometer Gravitational Wave Observatory (LIGO) [2] achieved unprecedented sensitivity, and a surprise because of the particular characteristics of the source. The GW150914 transient was identified [3] as the gravitational waves (GWs) produced by the merger of a binary black hole (BBH) at a distance of 410 The role of numerical relativity (NR) simulations was evident in GW150914 event. The detection paper [1] showed the best fits of a NR waveform to the data. The papers on parameter estimation [3] and tests of general relativity [4] made it clear that results from BBH simulations were used to build the SEOBNRv2 and IMRPhenomPv2 waveform models used in the analysis. And directly relevant to the present work, the paper on the analysis of the GW150914 event with minimal assumptions [5] included results of matches using waveforms from the Georgia Tech (GT) catalog introduced in this paper.
The goal of this paper is to formally introduce the GT catalog of GW waveforms. Currently, the catalog consists of 452 distinct waveforms from a bank of more than 600 BBH simulations produced by the NR effort at GT. Among the 452 waveforms, 128 are from binary systems with BHs non-precessing spins, i.e. no spins or spins such that they are parallel (aligned, or anti-aligned) with the orbital angular momentum L); and, 324 waveforms are from generic spin configuration that lead to precessing BBH systems (see Fig. 1 ). The catalog probes massratios of q ≤ 15 for binaries with non-spinning BHs and q ≤ 8 for binaries with precessing, spinning holes. The waveforms cover a moderate number of GW cycles in the late inspiral, the merger of the binary, and ends with the ring-down of the final BH.
The waveforms are given in terms of an adjustable mass scale (the total mass M = m 1 + m 2 of the BBH system); and, therefore, they can be rescaled for both ground and space-based GW detectors. In this paper, we focus the discussion on the relevance of the catalog to data analysis for ground detectors such as LIGO.
Within the sensitivity window of LIGO (10 − 1000 Hz) the waveforms in the catalog can be in general used in two ways. For binary systems with masses M ≥ 60 M , as in GW150914, the binary system is observed for less than half a dozen GW cycles before merger. A substantial fraction of the waveforms in the GT catalog expand this dynamical range. They can thus be applied directly in analysis massive BBH mergers. On the other hand, for binary systems with M ≤ 60 M , more cycles are needed for detection and parameter estimation [6] [7] [8] [9] . Our catalog also includes waveforms with enough cycles to help improve Effective One Body Approach (EOB) [10] and IMR (Inpiral-Merger-Ringdown) [11] waveform models.
The paper is organized as follows: Section II provides a description of the NR code used to produce the catalog, namely the Maya code. This Section also includes a discussion of the errors in phase and amplitude of the extracted GWs. Section III describes the parame- ter space and some of the key features of the GT catalog. Section IV compares a few of the waveforms in the catalog with theSEOBNRv2 and IMRPhenomPv2 waveform models. Section V compares the parameters of remnant BH, namely mass and spin, with the phenomenological fits [12] [13] [14] . Conclusions are given in Sec. VI.
II. MAYA CODE AND ERROR ANALYSIS
All the BBH simulations in the GT catalog were obtained with our Maya code [15] [16] [17] [18] . The code is based on the BSSN formulation of the Einstein equations [19] , and for BBH simulation it uses the moving puncture gauge condition [20, 21] . Maya is very similar to the Einstein code in the EinsteinToolkit [22] . That is, it operates under the Cactus infrastructure [23] , with Carpet providing mesh refinements [24] and thorns (modules) generated by the package Kranc [25] .
The initial data for each simulation consist of the extrinsic curvature and spatial metric. The extrinsic curvature has the Bowen-York [26] form, and the spatial metric is conformally flat. The conformal factor is obtained by solving the Hamiltonian constrain using the TwoPunctures spectral solver [27] . The input parameters for each initial data set are: BH masses m 1 , m 2 , spins χ 1 , χ 2 , momenta P 1 , P 2 , and the binary separation r. A script that solves the post-Newtonian (PN) equations of motion for binaries in quasi-circular orbits [28, 29] is used to set the spins χ 1 , χ 2 and momenta P 1 , P 2 at the binary separation r in the initial data where the NR evolution will start. The mass and spin of the final BH are obtained from both its apparent horizon and quasi-normal ringing.
The GW waveforms are extracted from the simulation data via the Weyl Scalar Ψ 4 [30] . The extraction is done in the source frame such that the initial orbital angular momentum of the binary is pointing in the positive zdirection. We store Ψ 4 decomposed into spin-weighted spherical harmonics as
with both A m and φ m real functions of time, M the total mass of the binary, and R the extraction radius. Given Ψ 4 , the GW strain polarizations h + and h × are obtained from integrating Ψ 4 =ḧ + − iḧ × ≡ḧ , with star denoting complex conjugation and over-dots time derivatives.
To give a general sense of the accuracy of the waveforms, we select two cases in the catalog: one with BH spins aligned with the orbital angular momentum and another with precessing BHs (GT0582 and GT0560 cases respectively in the catalog, see next Section). Fig. 2 summarizes the accumulated numerical errors in the GW strain, h(t), from combined = 2 : 6, m = − : radiated mode. The left panels show the results for the aligned-spinning case GT0582, and the right panels for the precessing-spin case GT0560. Top row panel depicts the strain h(t). The middle and bottom panels show accumulated errors in phase and amplitude for each of the available resolutions, four resolutions for GT0582 and three for GT0560. For each resolution, the errors are computed against a waveform obtained from Richardson extrapolation to the continuum using the available resolutions. Table I summarizes the errors in phase and amplitude are also reported for early inspiral and reference frequency M ω = 0.2 (near merger). The error-analysis is similar to the one reported in [31] . The mismatches are computed between two finite numerical grid resolutions and finite waveform extraction radius (R in Eq. 1). These match calculations involve advanced LIGO noise curve and total-mass of BBH scaled at 100 M . 
III. DESCRIPTION OF THE CATALOG
The initial data for each simulation in the catalog are fully characterized by a set of 15 parameters, as described in § II: BH masses m 1 , m 2 , spins χ 1 , χ 2 , momenta P 1 , P 2 , and the binary separation r. We select code units such that M = m 1 + m 2 = 1. The waveforms are classified into two main types: Non-precessing and Precessing. Non-precessing waveforms are subdivided into two sub-types: Non-spinning if the BHs in the binary are not spinning, and Aligned-Spin if their spins are parallel with the orbital angular momentum L (spins of black hole that are anti-aligned and parallel to L are put under the class of aligned-spin). The precessing waveforms are also subdivided into two sub-types: Equal Mass and Unequal Mass. • The waveforms are available in HDF5 format with meta-data as stated in Ref. [32, 33] .
Fig 1 provides a general sense of the parameter space covered by the catalog. The vertical axis in both plots denotes the mass ratio q. The plot in the left is for nonspinning and aligned-spin systems. Therefore, the axis in the plane are given in terms of χ 1,2 ·L in order to capture both the spin magnitude and orientation for each BH. The plot on the right in Fig. 1 describes the precessing runs. The axis in the plane are given in this case in terms of theχ 1,2 ·L, namely the spin orientation relative to the orbital angular momentum.
The scatter plot in Fig. 3 shows | χ F |, the magnitude of the spin of the final BH, as a function of the percentage of total mass radiated, i. The histogram in Fig. 4 show the distribution M ω orb 1% 2% 3% 4% 5% 6% 7% 8% 9%
Total Mass Radiated where ω orb the orbital frequency (half of gravitationalwave frequency). The NR waveforms presented the catalog include the early phase of the simulation that is contaminated with the junk radiation in the initial data. The segment of the waveform with orbital frequencies ≤ M ω orb should hence be ignored. For a given low-frequency cutoff of a GW detector, f min , the waveform can be scaled to a minimum total mass as M = k (M ω orb /f min ), where k = 3.23 × 10 4 . From  Fig. 4 it can be inferred the catalog includes a large number of waveforms with less than four GW cycles. These are basically BBH plunges. They are nonetheless useful for studies of quasinormal ringing and gravitational recoil. Waveforms with between five to ten GW cycles are suitable to investigate BBH with massive BH such as GW150914.
Some of the highlights in the catalog are: The largest mass-ratio is q = 15 for a non-spinning BBH (GT0601), while for precessing BBH q = 8 (GT0886). The maximum spin for the merging BH is |χ 1,2 | = 0.8. The most extreme spin for the remnant BH is |χ F | = 0.9048, corresponding to 8.826% of the total-mass M radiated in GWs (GT0424) (see Fig. 3 ). The maximum total angular momentum radiated is ∼ 100% for a system of alignspin BBH which results in Schwarzschild-like remnant BH (GT0770). The maximum GW cycles in our simulation corresponds to 27.5 for align-spin (GT0612) and 21.5 for precessing-spin systems (GT0468). Table III with approximant GW models.
FIG. 5: Mismatches of NR waveforms in

IV. COMPARISON WITH APPPROXIMANT GRAVITATIONAL-WAVEFORM MODELS
Next we compare a few of the waveforms in the catalog with two recent and well-known approximate waveforms. The binary parameters of the selected waveforms are given in Table III , and the corresponding strains h(t) for the two cases ((GT0582 and GT0560) are show in Fig. 2 . The cases were chosen to probe highly distinct regions of parameter space.
The two approximate waveform models we use to compare our NR waveforms are: i) a time-domain model for non-precessing, aligned-spin systems, derived from the effective-one-body formalism (referred to as SEOBNRv2 [34, 35] ) and ii) a phenomelogical frequencydomain model for single-spin, precessing systems (referred to as IMRPhenomPv2 [36] [37] [38] ). Both of these approximate models were used in the detection and parameter-estimation analysis of GW150914.
For each waveform in Table III , we compute their mismatch with both SEOBNRv2 and IMRPhenomPv2, where the mismatch is given by
where the inner product is given by
The maximization in the mismatch (2) is over the initial arrival time and phase. In Eq. (3), S h (f ) is the noise spectral density of the detector, and asterisks denote complex conjugation. The integral is evaluated from some minimum frequency f min , below which there is no appreciable contribution to the integrand due to the noise spectrum. We set as low-frequency cutoff f min = 30 Hz and use a noise spectrum representative of advanced LIGO in its early configuration. To evaluate mismatch, both the waveforms, NR and the approximant models, are projected to the same optimal sky-location and orientation. Figure 5 shows the mismatches for the NR waveforms in Table III with SEOBNRv2 and IMRPhenomPv2. The mismatch is computed for different values of total mass of BBH systems, starting from BBH systems with mass similar to GW150914 to intermediate mass BBH range for current generation of GW detectors. The NR waveform includes all the higher harmonics (as stated in eq. 1) from = 2 to 6; however, the approximant waveform includes only radiated mode = 2, m = 2, which will be dominant for the chosen optimal sky-location and orientation. For the aligned spins with low-mass ratio, both models have a very strong agreement with NR waveform. For the non-spinning BBH with mass-ratio of q = 15, which represents an astrophysical intermediate-mass ratio inspiral BBH system, both SEOBNRv2 and IMRPhenomPv2 have a growing mismatch at high total mass. For such high masses, the signal in LIGO will be dominated by the merger and ringdown of BBH, and radiated modes beyond the dominant becomes important [39, 40] . Both the models only includes the dominant modes (2,2) and thus there is strong mismatch, even at optimal sky-location.
For the precessing-spin BBH systems, it is expected that SEOBNRv2 will show strong inconsistency with NR simulations as the model is tuned only for aligned-spin systems. The max mismatch we report for SEOBNRv2 in precessing cases, which happens for a system with massratio q = 4. In contrast, for the same NR simulation (GT0560), the precessing spin model IMRPhenomPv2 -reports an error up to 6% for lower total mass and drops to less than 1% at higher total mass. Both models agree fairly well with NR simulations for almost equal-mass systems, but for strongly deviate for mass-ratios q = 5 and above (where higher radiated modes become important).
V. MASS AND SPIN OF THE FINAL BH AND PHENOMENOLOGICAL FITS
As mentioned before, included in the GT catalog is information regarding the mass and spin of the final BH. Over the years, several phenomenological formulas have been proposed that connect the properties (mass and spin) of the remnant BH with the initial parameters of the BHs in the binary. In this section, we concentrate on two of such phenomenological formulas: one from Healy et al. [14] , referred as RIT, and the other from Barausse et al. [13] , referred as BR.
In Figure 6 , we report the errors the phenomenological formulas incur in predicting the mass and spin of the final BH. The percentage errors are organized according to the sub-types in Table II , and they were calculated as (1 − RIT or BR/NR) × 100%. Top panels show the errors in the final mass and the bottom for the final spin. The red line in each box is the median value of the errors. On each box, the colored region denotes 75% of the cases. Notice that, for aligned-spin systems, the spread in errors for the remaining 25% cases (i.e. cases with the largest errors) is quite significant for both formulas. The RIT, valid for non-spinning and align-spinning BBH systems, has an average discrepancy with our catalog of 0.035% for the remnant mass and 0.23% for the remnant spin. The BR formula, valid for all generic BBH configurations, agrees remarkably with all our GT-BBH simulations, and with an average discrepancy of 0.6% for the final mass and 1.6% for the final spin. A recent paper by the authors [41] improves the BR formula for stronger agreements with generic BBH NR simulations. 
VI. CONCLUSION
This paper introduced the GT catalog of GW waveforms consisting of 452 distinct waveforms from more than 600 spin-aligned and precessing BBH simulations with mass ratios of up to q = 15. The waveforms expand a moderate number of orbits in the late inspiral, the burst during coalescence, and the ring-down of the final black hole. A significant fraction of the waveforms have enough GW cycles that can be used in improving phenomenological or EOB models. The waveforms are also useful for tuning the phenomenological formulas describing the remnant black hole. Most of the waveforms can be used directly in connection with analysis of massive BBH binaries such as GW150914 and for conducting tests of general relativity that require knowledge of both the inspiral and ringdown stages. The GT catalog complements and enhances the catalog recently introduced by the SXS collaborations [42] . The GT catalog contains waveforms of the higher modes and will serve as repository of future waveforms, including those from double neutron star and mixed binary mergers.
